A solid-phase radioimmunoassay (RI;A) was used to determine the presence of IgG and IgM antibodies to measles virus in human serum and eerebrospinal fluid (CSF). Purified measles virus was adsorbed on to polystyrene balls, which were then exposed to serial dilutions of test serum or CSF. The presence of antibody was measured by its capacity to bind l~l-labelled specific anti-human IgG or IgM.
INTRODUCTION
Radioimmunological methods are being developed for measuring many virus antibodies ~d antigens (Cameron & Dane, I974) . For measuring antibodies the major advantages of R1A over conventional methods are its increased sensitivity and its ease of automation. It also affords the possibility of testing specimens in only one dilution. Most importantly, virus infections can be promptly diagnosed in their acute phase by the detection of IgM antibodies; this has often proved difficult with other techniques. An RIA employing paper discs as the solid-phase has been developed for measuring IgG and IgM antibodies of the chicken by Viljanen, Granfors & Toivanen (I975) and for human milk antibodies by Toivanen, Viljanen & Savilahti 0975). Kalimo et aL (I976) have recently described a further development of the RIA technique for rubella antibodies using polystyrene balls for the solid-phase. This report describes a sensitive RIA technique, also employing polystyrene balls for the solid-phase, for the measurement of measles lgG and lgM antibodies in human serum and CSF.
P. ARSTILA AND OTHERS

METHODS
Preparation of purified measles virus antigen.
A strain of measles virus (Halonen no. I962 ), isolated and passaged in our laboratory since t962, was grown in Vero celis at art input multiplicity of o'o15 p.f.u.]cell. Extracellular virus was harvested after incubation at 35 °C for 5 or 6 days, when about 5o ~ of the cells showed cytopathic changes typical of measles infection.
Virus was first clarified by centrifuging at IOOOO g for I5 rain and then concentrated about z5-fold in an Amicon 4o2 Diaftow chamber equipped with an XM-3oo filter. Virus was purified by pelleting 5 ml of this concentrate through 30 ml of Io ~o (w/w) sucrose on to a 4 ml layer of 60 ~ (w/w) sucrose in a Spinco SW 27 rotor at 2oooo revimin for z h. The interface band containing virus was collected, diluted with o'o5 M-tris-HCl buffer, pH 7"4, containing i mM-EDTA (TE buffer), and then pelleted by ultracentrifugation for 9o min at zoooo rev/min in a Spinco SW 27 rotor. The pellet was resuspended in TE buffer. The final product (hereafter termed purified measles virus antigen), when concentrated about 5 ° times, contained 2oo to 4oo #g protein/ml and had a haemagglutination titre of 512 to 2048/0-05 ml.
Preparation of measles virus ribonucleoprotein (RNP) antigen.
Vero cells were infected with measles virus as described. At 5 to 6 days post infection, when 50 ~ ofc.p.e, was seen, cells from ten 32 oz Roux bottles were removed by treatment with IO ml of a o.2 ~'(, mixture of trypsin and versene at 35 °C for 5 mill. The cells were then centrifuged at 9oo rev/min for IO min at 4 °C, suspended in 2 ml of distilled water and placed in an ice-water slurry for IO min. The cell suspension was sonicated for 5 min in a Bransonic rz and the cell debris was removed by centrifuging at 1oooo g for 15 min. RNP was purified by ultracentrifugation in a CsC1 gradient for 5 h at 225o0 rev/min in a Spinco SW 50 rotor. A discontinuous CsC1 gradient of 0. 5 ml of 4 ° ~ (w/w), 1-25 ml of 3o ~, and 1 ml of 25 9/00 CsC1 was prepared, on to which 2 ml of cell extract was layered. RNP banded between the 3 ° and 40 ~ CsC1 regions; it was collected and dialysed against phosphate-buffered saline (PBS), pH 7"4. The final preparation contained about 30o/tg protein/ml and no measurable haemagglutinin. Examination of these preparations by electron microscopy revealed typical, rigid RNP and nothing else. V25I-labelled anti-human-7 and anti-human-# . The methods used have been described by Viljanen et al. 0975) . Human IgG and lgM were isolated by precipitation with sodium sulphate and chromatographed on Scphadex G-zoo. This gel filtration was repeated twice for the purification oflgM; the IgG fraction was further purified by chromatography on DEAE-cellulose. Each preparation gave a single precipitation arc when tested by immunoelectrophoresis and immunodiffusiou against anti-human sera. These preparations were used to immunize sheep.
Preparation of
Immunoglobulins from the sheep immune sera were purified with solid imlnunoadsorbents (cyanogen bromide activated Sepharose 4B, Pharmacia, Uppsala, Sweden) by using isolated heavy chains of human immurtoglobulins. The final preparations were free of any other immunoglobulin classes or specificities.
Anti-immunoglobulins were iodinated using the standard chloramine-T method of
Hunter & Greenwood (i962) with slight modifications (Viljanen et al. 1975) . The specific activities of the preparations obtained ranged from 30 to lOO/zCi//~g. After iodination, normal sheep plasma was added to a concentration of i ~. Before the labelled preparations were used, free 125I-molecules were removed by filtration through Sephadex G-zoo. The column was eluted with PBS, pH 7"4, and the peak fractions (those giving about 2 X IO 5 ct/min) were pooled and finally diluted in minimum essential medium (MEM) containing io ~ calf serum and o'5~ /o°/lactalbumin hydrolysate. The dilution used in the test gave about 3oooo ct/min/o-2 ml. When stored at 4 °C iodinated antiimmunoglobulin preparations usually remained active for 4 to 8 weeks.
Radioimmunoassay procedure. Purified measles antigen was adsorbed on to polystyrene balls (diam. 6"4 mm; Precision Plasffc Ball Co., Chicago, Illinois, U.S.A.) in the following way. The balls were submerged in antigen diluted in TE buffer, pH 7'4, to contain 40 #g protein/ml. The tubes were shaken gently and air bubbles on the ball surface were removed by agitation. Adsorption was allowed to take place overnight at room temperature; the antigen suspension was then aspirated and the balls were dried in an air stream and stored at 4 °C.
Serum and CSF specimens were serially diluted (fourfold increments) in PBS, pH 7"4, containing ~ To" BSA; o-2 ml of each dilution was pipetted into 4-ml disposable plastic tubes. One virus-coated ball was added to each tube and incubated for i h at 37 °C. Serum dilutions were then aspirated and the balls washed twice with 5 ml of tap water. Thereafter o-2 ml of labelled anti-human-7 or anti-human-# was added to each tube. After incubation, again for I h at 37 °C, the balls were washed twice, placed in clean plastic tube~, and radioactivity was counted in a gamma counter.
Other serological techniques. Complement fixation tests (CF) were performed using the LBCF microtechnique (Casey, I965). Measles CF antigen was prepared in Vero cells. Infected cultures were collected, the cells were disrupted by freezing and thawing, and Serum dilution (log,_) Fig. 2 . Intra-assay variance of an IgG-specific radioimmunoassay test in which purified measles virus was the antigen. Each dilution of a positive and a negative control human serum was tested with eight virus-adsorbed polystyrene balls: --, mean; ---, standard deviation.
after cell debris was removed by low-speed centrifugation, the supernatant fluid was used as antigen. Haemolysin inhibition (HLI) tests were performed as described by Norrby & Gollmar (1972) , and haemagglutination inhibition (HI) and ribonucleoprotein gel precipitation (RNP-GP) tests, as described by Salmi, Panelius & Vainionp~i~ (1974) . The titres are expressed as reciprocals except in the tables, where log2 values of reciprocals are used.
RESULTS
The optimal antigen dilution used in adsorption
Optimal RIA results were obtained when the balls were incubated in an antigen dilution containing 4o #g of protein/ml. Higher concentrations of antigen did not enhance either the sensitivity or specificity of the test (Fig. I) . Considerably less antigen could be used; however, with low antigen concentration, the sensitivity of the test was reduced. Even at an antigen concentration of 4 #g protein/ml, ct/min values were seven times higher with positive serum diluted i:256 than with the negative serum at the same dilution. An antigen solution used once for adsorption could be re-used at least twice for adsorption of fresh bails without a significant decrease in the sensitivity of the test. To test the specificity of the results obtained, two control antigens were included in the series, One control antigen was prepared from a IO ~ suspension of uninfected Vero cells in BME. The cells were disrupted with sonication, the cell debris was removed by low-speed centrifugation, and the supernatant fluid used as control antigen. The second control antigen was prepared in the same way except that uninfected Vero cells were suspended in TE buffer instead of BME. Neither of these antigens 
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lntra-assay variance in test for IgG antibody
Variance in the test system was determined by incubating eight identically prepared antigen-coated polystyrene balls in each dilution of positive and negative control serum. Fig. z shows the mean and standard deviation of ct/min at each dilution. In the positive control serum the coefficient of variation varied from 4"7 ~ to 9"6 ~ depending on the diEution.
Assay results for IgG antibody with purified measles virus antigen
Serum specimens from 3o persons were assayed for lgG antibody. These included patients with acute measles, mumps, undefined respiratory illness, multiple sclerosis (MS), SSPE, and clinically healthy persons serologically positive for measles. Specimens of the CSF of ten patients were also tested. The sera of all patients positive in HI or HLI tests were also positive with RIA. Fig. 3 shows representative results with pairs of serum and CSF specimens fi om different patient groups. The background ct/min of measles-negative serum or CSF were low in all experiments. The binding ratios were calculated by dividing the ct/min of the serum specimen by the ct/min of the negative control serum at the same dilution. With post-measles sera this ratio was usually Io to 3 ° and with SSPE sera as high as 4 0 to 5 o. The dilution curve of positive sera typically showed an initial prozone effect and then a linear decline. End-point titres were estimated from this linear segment (or its extension) of the dilution curve of the test sample. The end-point was the last dilution, where the binding ratio, calculated by dividing the ct/min of the test sample by the mean ct/min of the negative serum controls, was 3 or more. Titres were expressed as the log z values of the reciprocals of dilutions. The sera of two patients were positive for measles antibody with the HI test, but were negative with RIA. A careful re-check showed, however, that non-specific inhibitors of haemagglutinin in both sera had caused falsely positive results.
CSF specimens showed no prozone effect (Fig. 3) . Table I compares the serum and CSF titres obtained with RIA and titres obtained with HI, HLI and CF in Io patients who had a history of measles. With RIA, low-level antibodies were detected in the CSF of nine of these patients, two of whom had had measles earlier in life, and in whom HI or HLI tests of CSF were negative. The CSF specimens of SSPE patients, who are hyperimmune to measles, had high titres in RIA.
Assay results for IgM antibody with purified measles virus antigen
The development of IgM antibodies was measured in six patients with acute measles infection. Three specimens were taken from each patient; the first at the onset of rash, the second about I week later, and the last about 4 weeks after onset. Fig. 4 shows the results in * Purified rlbonucleoprotein of measles virus was the antigen in t ND = not determined.
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the radioimmunoassay.
one typical case. For IgM antibody the background ct/min of the negative controls was higher than that for IgG. However, the binding ratio of 3 or more (calculated by dividing the ct/min of the patient serum by the ct/min of the negative control sera) could be used for determining end-point titres also in IgM assay. Results of the IgM-RIA test are compared with the results of the other serological tests in Table 2 . With RIA, both IgG and IgM measles antibodies were already detectable in the first specimens; after 4 weeks, all patients still had IgM antibodies, but usually in declining titres.
RIA of IgG antibody with isolated RNP antigen
Sera and CSF of five patients were assayed for measles IgG matibody in a test in which purified RNP antigen was adsorbed on to polystyrene balls. Antibodies against RNP were detected in all sera and in two CSF specimens (Table 3 )-
DISCUSSION
The method described here for the assay of IgG and IgM measles antibody requires partially purified measles virus antigens and labelled specific antiscra against human immunoglobulins. Once these reagents have becn prepared, the assay procedure is simple, reliable and reproducible.
The use of an optimal amount of antigen for adsorption does not seem to be critical for accurate assay. In this study both antigen and anti-human-y or -/• were used in excess; smaller amounts could have been used without reducing the binding ratio between positive and negative control sera. Hence standardization of reagents was not necessary for each test; individual batches of reagents made at different times but in a similar manner gave equal and reproducible results. In the few experiments in which purified measles RNP was used as antigen it was evident that antigens other than glycoproteins may be adsorbed to polystyrene balls. The intra-assay variance, S~ < to ~, was on the same level as that of radioimmunological methods in general.
Counts in the negative control serum usually declined slightly when the serum was diluted and its protein content reduced. Moreover positive serum specimens showed a prozone effect. Both these difficulties can be overcome by diluting serum specimens in a measles-negative serum instead of in PBS containing bovine albumin. However, for practical reasons measles-negative serum is not readily available in quantities needed for that purpose.
In this study we expressed the results in end-point titres, but estimation of titres can be made in various ways. For measuring hepatitis B antigen or antibody in RIA, many investigators have used a binding ratio of a positive to a negative specimen of 2-i (Prince et al. I973) . In the RIA of rubella antibody, Kalimo et al. (I976) used a ratio of 3 for IgG antibody and 1.5 for IgM. We took as the end-point the last serum or CSF dilution where the ct/min were at least 3 times higher than the mean ct/min of the negative control sera both in IgG and IgM RIA. In the future it may be possible to test specimens in one to three dilutions and to determine titre relative to a known positive reference serum. It may even be practicable to determine the absolute amount of specific immunoglobulin in a specimen (Viljanen et al. ~975) . If measles-specific IgM does not persist for a long time, then the measurement of IgM antibodies with this method makes possible the diagnosis of an acute measles infection from a single serum specimen. However, the possible persistence of [gM antibodies will be studied further.
When compared with conventional methods such as HI or HL[ tests, the principal advantage of RIA is its sensitivity. To obtain high sensitivity, non-specific background must be reduced. This has been difficult with most methods that involve a solid phase, However, non-specific background is lower with the polystyrene balls we used than with any other substance tried in preliminary experiments (Kalimo et al. I976). The background was higher with IgM antibody than with IgG, but even with IgM it was low enough to use the binding ratio of 3 in estimating the end-point titres. Even though no extensive comparisons were made of the results of RIA and HI tests on serum, it was clear that formeasnring the small amount of antibodies in CSF the sensitivity of RIA was at least 1oo times that of the HI test. The sensitivity of the IgG antibody assay makes it a useful tool for studying CSF. Antibodies were found not only in certain neurological diseases such as MS in which measles virus has been implicated (Salmi, Norrby & Panel/us, I972) , but subliminal antibody in CSF, proportional to the serum antibody, was detected also in two non-measles cases (mumps and an undefined respiratory illness). If antibodies can be measured then it becomes possible to measure the affinity and avidity of antibodies of CSF, functional features of the immunoglobutin which might differ in slow virus diseases.
